Cardiac output imposes the principal limit to maximal oxygen intake in the normal exercising subject (1, 2) . After pulmonary resection reduction in the ventilatory capacity, the diffusing capacity, or the maximal cardiac output might impose a lower limit to maximal oxygen intake. The relative importance of each of these factors in limiting oxygen intake might depend on the amount of lung resected. This study was undertaken to determine the primary factor limiting oxygen intake in each of a group of eight patients whose lung remaining following resection varied from 33% to 55%.
Methods
Patients. Table I describes the patients. Resectional surgery was performed because of far advanced tuberculosis. Two of the eight patients had simple pneumonectomy; the remaining six had pneumonectomy with contralateral segmental resection or lobectomy. In calculating the amount of lung remaining, each segment was assumed equal to X of the initial total lung tissue.
Methods. The following measurements were made: 1) maximal oxygen intake for treadmill exercise; 2) lung volumes sitting; 3) membrane diffusing capacity for carbon monoxide, lung capillary volume, and pulmonary blood flow at rest sitting and during treadmill exercise; 4) arterial oxygen saturation, oxygen and carbon dioxide partial pressures, and pH standing at rest and during treadmill exercise; 5) right ventricular pressures and pulmonary vascular resistances supine at rest and during exercise.
Maximal oxygen intake (MOI) was determined according to the method of Mitchell, Sproule, and Chapman (1) on a motor driven treadmill; oxygen intake was measured during the last minute of a 2i-minute exercise period. Expired air was collected in a Douglas bag; volume of expirate was measured in a Tissot spirometer after a known volume had been removed for gas analysis. Oxygen and C02 concentrations were measured by a Beckman paramagnetic oxygen analyzer and by a gas chromatograph, respectively. Each patient was studied on successive days until the MOI was determined; treadmill speed was increased at i mile per hour increments until further increments in work load produced no greater than 54 ml per minute increments in the patient's oxygen intake, or until the patient could not sustain further increments of work load for the required time.
Vital capacities and timed expiratory volumes were measured with a Stead-Wells spirometer. Functional residual capacity was measured by the closed-circuit helium method (3) .
Apparent CO diffusing capacity (DLco) was measured during breath holding, both at a high and at a low alveolar oxygen tension so that pulmonary membrane diffusing capacity (DMco) and capillary blood volume (Vc) could be calculated by the method of Roughton and Forster (4) . Measurements were made at rest and at MOT.
Change in pulmonary blood flow may alter pulmonary capillary blood volume (5, 6) and 98% oxygen. The subjects breathed an oxygen-nitrogen mixture of similar oxygen concentration to that in the test gas to be inspired for 2 to 3 minutes before measurements of DLco to insure uniform alveolar oxygen 1514 tension during breath holding. Analysis of expired air was made with a gas chromatograph (7) . Normal ranges for DMCO, Vc, and Qc at rest and exercise are from measurements made in 12 young normal subjects in our laboratory. These data have been previously reported in part (8) .
Blood was collected for analysis from an indwelling catheter placed in the brachial artery during upright exercise at loads varying from rest to MOI. Arterial oxygen saturation was measured by a Van Slyke apparatus; pH, arterial PoN, and Pco2 by an Instrumentation Laboratories physiologic blood gas analyzer.
Right heart catheterization was performed with the subject in the supine position. A portable bicycle generator was pedaled at a constant rate for the 5 minutes of supine exercise. Cardiac output was measured by the Fick method at rest and during the last 3 minutes of exercise.
Results
Maximal oxygen intake (MOI). Six was trained for 3 weeks, were unable to achieve MOI. Oxygen intakes at graded exercise loads are illustrated in Figure 1 . The highest oxygen consumption achieved is listed in (FEVo.5) was low with respect to the amount of lung remaining. This suggests some degree of partial airway obstruction. The maximal breathing capacity (MBC) can be roughly predicted from the FEVo.5 (13) . The comparison between predicted MBC and minute ventilation during maximal exercise illustrated in Figure 2 suggests that most patients were operating at or near their ventilatory capacities during maximal exercise.
Diffusion. Average capillary blood volume (Vc) was normal at rest with respect to blood flow and amount of lung remaining, but it increased less than would be expected from the increase in blood flow during exercise ( Figure 3 Average membrane diffusing capacity for carbon monoxide (DMco) at rest and exercise, was less than predicted for the amount of lung remaining, but the difference was not statistically significant (Table IV) . DMco was reduced most with respect to lung remaining in the two patients who had the least remaining lung. MOI was reduced much more than would be predicted from the reduction in DMco in all but two patients, AB and RH ( Figure 4 ). gen saturation of arterial blood can be explained by the venous admixture caused by anatomical shunts (Table V) , but during exercise, arterial oxygen saturation fell more than can be explained by the measured anatomical shunt. Even in the presence of pulmonary disease, ventilation probably becomes more uniform with respect to perfusion during exercise (18) , and hence this discrepancy between measured and calculated saturation probably results from impaired diffusion (15) . The fall in arterial oxygen saturation with exercise was most pronounced in AB and RH, the patients who had the least remaining lung.
Hemodynamics. Blood flow and heart rate during treadmill exercise are presented in Table IV Sc'o2 = end lung capillary blood saturation in per cent calculated from PAO2 and arterial pH; Pao2 = partial pressure of oxygen in arterial blood; SC'02-ASC'O2 = predicted arterial saturation in per cent; Sao2 = measured arterial saturation.
. From oxyhemoglobin dissociation curve according to Dill (16) , at measured alveolar Po2 and arterial pH.
Theoretic saturation of mixture of blood in equilibrium with alveolar gas plus shunted blood calculated according to the method of Linderholm (17) . § Assumed value from previous studies at similar exercise load. (15) is represented by the curved line. It is most closely approached by the two patients with least lung remaining, who also developed arterial desaturation (Sao2) with exercise. sistance failed to fall with exercise (Table VI, Figure 5 ) (19) (20) (21) (22) (23) (24) (25) (26) . However, the duration of exercise may not have been sufficient to demonstrate a fall in pulmonary vascular resistance, since resistance only begins to fall after 3 to 4 minutes of exercise (24, 27) . Resting wedge pressures were normal in two patients. Right ventricular end-diastolic pressure was normal at rest and in two patients after exercise.
Discussion
Ventilation. During maximal exercise, ventilation in seven of the eight patients approached predicted MBC. However, patients who are limited in exercise capacity as a result of impaired ventilation are unable to achieve a maximal oxygen intake (18) as defined by Mitchell, Sproule, and Chapman (1) Figure 4 . This limiting curve is approached only by the two patients with the least lung remaining, and upon exercise, only they developed arterial oxygen desaturation below the normal minimum, 88.5%o; hence, oxygen consumption during exercise was probably limited in part by impaired alveolocapillary oxygen transfer in these two patients. Theoretically, if normal ventilation and cardiac output are achieved during exercise, diffusing capacity should become a factor limiting maximal oxygen intake when membrane diffusing capacity is reduced below 50%o of normal (15) . In our patients, frank alveolar capillary block was not manifest until membrane diffusing capacity was reduced to less than 30%o of that predicted at peak exercise. On the other hand, Cournand, Himmelstein, Riley, and Lester have studied two patients who had simple pneumonectomy during childhood (28); they exhibited a fall of arterial oxygen saturation to 85%o during exhausting exercise, and hence may have been limited in exercise capacities partly by their reduced diffusing capacities. The difference between Cournand's and our patients may be related to the fact that our patients were unable to achieve normal maximal cardiac outputs during exercise.
Hemodynamics. In five of the eight patients, reduced maximal cardiac output imposed the principal limit to maximal oxygen intake. Linderholm (17) has made a similar observation in patients after pneumonectomy. Although impaired myocardial function is suggested by the low maximal heart rates, the cause of the reduced maximal cardiac output, whether resulting from myocardial failure, reduced pulmonary venous capacity, or obstruction to venous return, was not determined.
Despite chronically increased blood flow per unit lung, pulmonary vascular resistance per unit lung was normal at rest, thereby indicating that even the adult lung has the capacity to accommodate itself to a chronic increase in blood flow. Extended follow-up of these patients will be required to see whether pulmonary vascular resistance ultimately rises, as it does in patients with increased pulmonary blood onow due to congenital heart disease (29) (30) . Summary Factors limiting oxygen intake were studied in eight patients after recovery from resection of from 45 to 67%o of their lungs. Maximal oxygen intake and carbon monoxide diffusion at rest and exercise were measured in all, and arterial blood gases measured at similar exercise loads in seven. Cardiac catheterization was also performed in seven patients with pressure and flow measurements made at rest and exercise. The following conclusions were reached. 1) Maximal oxygen intake was reduced in all patients, although not in proportion to the amount of lung resected. 2) Although some degree of partial airway obstruction was noted in all patients, in no instance could the reduction in maximal oxygen intake be ascribed to impaired ventilation. 3) Reduced diffusing capacity appeared to contribute significantly to the reduction in maximal oxygen intake only in the two patients with least lung remaining. 4) Since maximal oxygen intake in five of seven patients was limited neither by reduced ventilation nor diffusing capacity, it must have been limited by reduced cardiac output.
